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ABSTRACT

Subsonic wind tunnel exper.ments on a GETOIL. wing are reported. The
main results relevant to performarce, stability and control are presented,
and applied to a hypothetical vehicle. Short-field capability is demonstrated
to be possible, Stability and control problems are analysed, and shown not

to be prohibitive,
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SYMBOLS

. ) 2
forward acceleration of aircraft, ft/sec

rate of change of CLt with respect to & , deg, "1

jet slot area, £12

wing aspect ratio
chord lengtn, ft.

pitching morment ¢ efficient, M/3Sc

ACH d"].-l
Yol | E

1ift coefficient, L/qS

tail lift coefficient, Li/qS
3L
o
J/qs

, deg. -1

drag of wing due only to forward speed and air cushion, lb.
drag due to engine inlet momentum, lb,
gravitaticnal acceleration, 32.2 ft/sec2
height above ground, ft, measured from jet exit plane
drop height defined by Eq. 21, ft.
%2
momentum flux per unit slot length e\/jd?,lb/f!
(s] 2
total momentum flux of the peripheral jet /?VidAi’“)'
A.
3
Jet momentum flux from leading edge slot, b,

set momentum tlux from trailing cedge slot, b,
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SYMBOLS (continued)
jet momentum flux from tip slots, lb.
momentum flux used for direct thrust, lb., = TD
total installed thrust, lb., = J + Jp
length of tail, defined in Fig. 16, ft,
total lift on aircraft, lb.
lift on tail, 1lb.
lift on wing, 1b.
mass of aircraft, slugs
pitching moment of aircraft about C.G., lb-ft.
pitching moment of wing about C.G., lb-ft.
pitching moment ol wing about half-chord point, lb-ft,
static pressure at air inlet of model wing, 1b/ft2
dynamic pressure due to forward speed, %QVZ, lb/ft2
dynamic pressure at center of air inlet of model wing, 1b/ft2
average jet dynamic pressure at slot exit, J/2A;, lb/ft2
ground run distance from hovering to transition, ft.

distance covered during transition at take-ofl, ft.

distance covered during steady climb over 50 ft. obstacle, ft.

ground run distance for landing, ft.
wing area, £t2

area of horizontal tail, ft2
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SYNIBbLS (continued)
thrust on wing due to fohvard speed and air cusﬁion, 1b.
direct engine thrust |
recovered thrust defined by Eq. 2, 1b.
forward speed of aircraft, ft/sec.
velocity of jet at slot exit, ft/sec.

vertical speed of aircraft, ft/sec.

Sy Rt

Sc

horizontal tail volume,
wing loading, 1b/ft.
overall weight of aircraft, 1b.

non-dimensional position of C, G, , as defined in Fig. 16
non-dimensional position of neutral point

non-dimensional position of center of pressurc of wing as
defined in Fig. 16

geometrical angle of attack

mass density of air, slugs/ft3

angle «f leading edge jet measured from the vertical,
positive for rearward

angle of trailing edge jet deflection

distance across slot, ft,

slot width, ft.

angle of ¢limb




Section 1
INTRODUCTION

The idea of replacing a normal airplane undercarriage with the air
cushion trapped between a peripheral-jet wing and the ground was suggested
explicitly as early as 1957 by Von Glahn(1) and was a consideration even
earlier at Avro Aircraft, Canada, during the developments that preceded
the AVROCAR (2), In the intervening years several studies of the potentiali-
ties of this concept (GETOL) have been carried out (Refs. 3 to 9). The
Vertol (4) and Convair (5) studies of subsonic airplanes both indicated some
potential from a performance standpoint for this class of aircraft when com-
pared with VTOL airplanes to perform the same mission. Alexander's (6)
work indicated that the application of a peripheral jet to a low aspect ratio
delta wing would enable take-off and landing distances of a large supcrsonic
transport airplane to be reduced to about 1/2 the normal value.

An experimental study of a GETOL wing was also started at UTIAS in
1959. Detailed measurements were undertaken of the aerodynamic charac-
teristics relevant to performance and stability of a rectangular wing of
aspect ratio 4, with a peripheral jet encompassing the entire perimeter,
when in close proximity to the ground. This wing shape was expected to
provide a reasonable compromise between the air cushion and cruise re-
quireweats. The results of the tests have been reported in References 7, 8
and 9. Further research is currently under way utilizing a second half-wing
model with a rounded tip and improved internal and external flow character-
istics.

The aim of this investigation was primarily to assess the problems of
take-off and landing of a GETOL aircraft and to determine whether or not it
has the basic capability to compete with other forms of STOL aircraft. The
crucial question is whether it can take off in short-field distances, i.e.,
less than 1500 ft., to clear a 50-ft. obstacle, with installed thrust to weight
ratios significantly less than one.

The GETOL concept has, of course, a great appeal by virtue of the
ability of this kind of airplane to take off and land on relatively unprepared
surfaces. Turf, water or snow are all possible landing surfaces. The only
requirement is that it needs to be approximately level. For example, a golf
course fairway could provide a suitable landing strip. The advantage in
operational flexibility achieved, when combined with the weight saved by
doing away with the undercarriage, may offer the necessary economic



advantages to offset the penalties which such a corfiguration would neces-
sarily impose (i.e,, provision of jet curtain, internal ducting, hovering
stability and control problems, loss of cruise performance}. An assess-
ment of the overall design problem is not the purpose of this report. It is
concerned entirely with the aerodynamic properties of the wing as they ‘
relate to the performance and stability aspects of take-off and lunding. The
application of this information to design studies is more properly the work'
of industry. Thus in the followi ing we present the main results of the tests
reported in Refs. 7, 8 and 9, and their application to calculations of take-
off and landing distance, and to the problems of trim and stability.



Section 2
EXPERIMENTAL INVESTIGATION

2.1 Outline of Experiments

The lift, drag and pitching moment on a modei wing with a periphcral
jet (sec Figs. 1 and 2) werc measured in the* UTIAS subsonic wind tunnel for
a range of angles of attack, forward speeds, heights above ground, and jet
angles, Considerable effort was expended in measuring the distribution of
j along the peripheral slot (see Fig. 3). Flow visualisation tests utilising
lampblack and kerosene on the ground board were also made (see Fig. 4).

A list of all the configurations tested appears in Table 1. For a complete
description of the wing model and the experimental investigation see Refs. 7,
8 and 9.

2.2 Experimental Results

The results of the furce and momen! measurements are presented in
Ref. 7, 8 and 9 in the form of non-dimensional graphs. A representative
sample of the results from Ref. 8, repletted in a different coordinate system,
is given .n Figs. 5 to 9, for the 00 -jet configuration show.: in the inset on
Fig. 5. Figures 5 to 8 give the lift, drag, and pitching moment data for a
range of &« and forward spe.ds, at a fixed height, h'/c = .108; and Fig. 9
gives the center of pressure for the same conditions. Another sct of results
(from Ref. 9) is given in Figs. 10 and 11. These are for a variety of con-
figurations, all at & = 0 and h'/c = 0,108, and p.esent *..» lift and thrust/
drag data needed for take-off and landing calculations., The particular con-
figurations tested were chosen in an attempt to maximize the acceleration at
each speed during the take-off run.

The data show that at low forward speeds the wing with peripherai
jet behaves essentially like a hovering air-cushion vehicle, whereas at high
speeds it exhibits jet-flap characteristics, (linear variation of C, with \[ Ca »
see Fig. 12). The transition from the air-cushion regime to the jet-flap re-
gime is gradual rather than abrupt, as exemplified by the smooth variation
of the force coefficients with forward speed shown in Figs. 5 to 8. The ex-
planation for the smooth transition is found in the behavior of the leading
edge jet with increasing forward speed. At low forward speeds only a small
portion in the cenier of the leading edge jet is deflected back underneath the
wing. As the forward speed increases, this portion grows gradually until all
of the leading edge jet is eventually blown back under the wing., This vrocess
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is completed over an appreciable forward-speed range (depending on height
and angle of attack) and thus results in a fairly smooth transition from the
air-cushion to the jet-flap regime.

As regards thrust recovery, the thrust hypothesis for jet-flapped
wings predicts that all of the jet momentum flux from the wing is recovered
as horizontal thrust owing to the bending of the jet sheet. A study of Fig, 7
indicates that some thrust recovery does occur, but only at low forward
speeds and negative angles of attack, To determine the thrust being re-
covered the argument is used that the resultant force on the wing is perpen-
dicular to the wing if zero thrust is recovered. In this case

T = -Ltane or D = L tanek (1)

Hence any thrust larger than -L tan & can be considered recovered thrust,

T,, i.e.

T, = T- (-Ltan ) (2)
or

T .
r . L (—-L + tan &)
J L

t

i

rlo

L (tan o -
J

From Fig. 7 one finds that D/L is smaller than tanet only for negative
angles of attack and low forward specds. Hence thrust is recovered under
these conditions only.

The pitching moment data showed typically that she'w'mg alone is un-
?{{d}slttlzdb exemplified by the positive slope of the - VJCL 2 s ol curve at
e 0 as can be inferred from Fig. 8. ‘The corresponding ncutral
points lie generally in the range 0.25 to 0. 50¢ depending on acrodynamic
conditions, the lower value being associated with high forward speeds, and

the larger value with hovering.
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Seétion 3
APPLICATION TO TAKIL-OFF

3.1 Description of Aircraft

- In this section use is made of the experimental data to determine
whether or not a GETOL aircraft has STOL capability. The hypothetical
aircraft that is considered here has a wing, with a peripheral jet similar
to the one under discussion, a conventional tail, engines for forward pro-
pulsion and engines that supply air to the peripheral slot. It may or may
not have a mechanical arrangement by which some of the air from the lift
engines can be diverted for forward propulsion. The combined installed
thrust/weight ratio, JT/W is fixed at 0.7, which is two-thirds of the thrust
requirements for a VTOL aircraft. Following are the numerical values used
throughout the analysis:

w = 20, 000 1b.
w = 20 psf
AR = 4.17 (same as model wing)
(_‘-].- = O. 5
IThyax
J
.._I = 0,7
w
Aj
— = 0363
S
This leads to
h! = 1.67 ft. for h'/c = 0.108
Jr = 14, 000 b,
Jmax = 7,000 lb,
Vj = 285 ft/sec.
r']} = 96.5 psf

18




o

3.2 General Take-Off Program

The take-off is considered to consist of a ground run in the air-
cushion configuration, a transitior, and a climb-out in the jet-flup configura-
tion. It is more difficult to optimize the ground run and the transition with
respect to distance than the climb-out, since an additional set of parameters
enter into the optimisation problem,i.e., J1/J2 and 81. In Refs. 8 and 9
a number of ground runs were analysed, in which one or more of the para-
meters o , h'/c, J1/Jz, 81 and J/J were programmed during the ground
run to produce maximum acceleration, and thus, a mininum ground run
distance. It was found that the most complex program, which involved th2
simultaneous variation of J1/Jy, J/J and 83, did not yield substantially
higher accelerations than the simplest program, in which all parameters
except h'/c were held fixed. In view of the difficulties inherent in a compli-
cated grovnd run program, only the two simplest ones arc presented herc.
During both of these take-offs the peripheral jet configuration remains
fixed. Both leading and trailing edge jets have the same strength and direc-
tion, i.e., perpendicular to the plane of the wing. In the first case the
amount of thrust supplied to the peripheral jet is held fixed, at J/Jp = 0.5,
while the height above ground is allowed to increase with forward speed. In
the second ground run program the height above ground is held fixed at
h'/c = 0.108 by varying J/J .

3.3 Calculation of Transition Speed and Height

In attempting to find a transition forward speed and height the min
problem is that the lLifting effectiveness of the air cushion—the lift augmen-
tation--decreases with height, while that of tne jet flap—the lift coefficieat--
increases with height above ground. If transition from air cushion to jet
flap is made at large heights to take advantage of the higher lift coefficients
of the jet flap at these heights, most of the installed thrust has .o be diverted
into the peripheral jet to maintain a large height. As a result little thrust
is available for forward propulsion giving rise to low accelerations and 2
long ground run. If, on the other hand, transition is attempted at low
heights to make use of the high lift augmentation of the air-cushion configur-
ation there, the transition speed has to be fairly high to compensate for the
low lift coefficients of the jet flap at these low heights. The resulting ¢limb-
angle would also be small and therefore the climb over « 50-ft, obstacle
would give rise to a long climb-out distance,

To find the optimum transition point between the two extreme cases
described above, the flight envelopes, h'/c vs qS/Jp, for both flight regimes-
air cushion and jet flap--were calculated using experimental data and plotted
in IFig. 13, Curves I represent the height above ground that can be attained

19
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by the vehicle in the air-:ushion mode, if all of the thrust that can be mude
available is put into the peripheral jet. This corresponds to J/JT = 0.5,
which is the novering value of J/JT. Curves 1 represent the lowest forward
speed at which the vehicle can fly in the jet-flap mode at a given height for

the same maximum value of J/J = 0.5,

The two flight envelopes jointly define the region of (h'/c, g5/J ) in
which the vehicle can fly in either configuration (Regioa DCE); and point C
gives the lowest possible transition speed, and the largest possible transition
height at that speed.

Two sets of curves are shown on Fig. 13. The two labelled J = Jg

are based on the assumption that the cushion jet momentum flux cemains
constant as the forward speed of the vehicle increases, The other two curves
are based on the assumption that the cushion air is supplied through a forward-
facing intake, giving 100% ram recovery. Thus J increases with forward
speed, viz,

e 145 B2

Iy

where subscript zero denotes the values ot zero forward speed. The mini-
mum transition speeds for the two cases are

No ram recovery: (9—b = 0. 84
‘ IT/J transition

qs ~ o

1007 ram recovery: 3—- =0,73
T/ transition

Tre latter case is conswdered to be the more realistic one; however, it should
be noted that the only effect of the ram recovery corsidered is the increase

in allowable height at any speed resulting in the possivility of transition at
lower speeds. The secondary effects of the pressure recovery on the charac-
teristics of the engine, ard the small variation of J a'ong the take-off run
were neglected for simplicity due to their dependence on the particular con-
figuration.

Some scatter is evident in the data points for Curve 1I in Fig, 13.
In particular, one of the data points from Ref. ) does not follow the trend of
those from Refs, 10 and 11, The reuason for this is considered to be the
existence of spun-wise velocity components in the trailing edge jet. The jet

B e —— fm e e e e——————————— i <7 -5 © o o Sk 2




air at the center of the wing blows toward the wing tips at either side of the
plane of symmetry of the wing. This causes a weak spot in the jet sheet
which increases in extent as the height above ground increases. This results
in a reduction of lift and an upward shift of Curve Il in Fig. 13.

3.4 Calculation of Ground Run Distance

Program I: J/J1 = 0.5

In this program J/J is kept constant at its maximum value of 0.5
during the ground run while the height above ground is allowed to increase,
The ensuing flight path corresponds to the segment AC of Curve 1 in Fig. 13,
When the aircraft has entered the jet-flap regime at point C, transition is
made to the jet-flap configuration and climb-out begins,

During the ground run the forward accelieration is given by

a I'p D Dmom (5)
g w w w ‘
Tp D J Dmom J . .
FoT= e T - — = ) (6)
w Jd W J w
since
T J
._..I_)_ = :.]._ = _}_ ..__I_ = (J. 35 (7)
w w 2 W
and .

Dmom _ @A4YVSY, V. [J
= = — = af - (8)
J J VJ q,

equation (6) becomes
2 . 035-0.352 0 0.35]9
g J q,

1
=
«w
<

—
[
'

'

]

|

~

(9)
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It can be shown that the ground run distance R as a function of qS/J | is

.(.LS, |
I
R B | '
__.1_ Z 1 ° T ( ) {(10)
w eg W (a/g)
0

Equation (10) can be integrated numerically. It is shown in Fig, 14 as a
plot of R{/w vs qS/J-. RI/W at transition can now be found by using the
value of gS/J.p at point C in Fig. 13. The corresponding values of g mmd

run distance and transition speed arg for w = 20 psf:

TABLE 2

GROUND RUN AND TAKE-OFF SPEEDS

Ry (f1) V(m.p.h.) |
No ram recovery 586 h8
100% ram recovery 500 63

It was observed that the term D/J in Eq. (9) was not very large, and
this suggested a simple analytical solution for Ry. By neglecting D entirely,
Eq. (10) can be integrated for the case of no ram recovery to give

Rl = -A [ln (1 - B) + B] (10a)
where
Jp s
= { P
A 13.06 w T Aj
a; s Aj\1l/2
B - L (2 -2 —;1)
Ih J S
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and
q; = value of q at transition speed

As shown on Fig. 14, Eq. (10a) gives correct results for Program 1 up to the
transition speeds of interest. To show the importance of inlet momentum
drag, the lowest curve on Fig. 14 is presented, for which both D and Dy om
are taken to be zero.

Since Eq. (10a) is accurate for take-off Program 1, and since the
latter is almost as good as the best program, the equation is useful for
studying the effect of the main parameters. A chart of Eq. (10a) is pre-
sented on Fig. 15, showing the effect on R of changing the propulsive thrust
and the slot area ratio. Note from the equation that R w.

Program II, h'/c = 0. 108

The ground run program for this case is represented by Curve ABC
in Fig. 13. The height above ground is kept constant at h'/c = 0. 108 as the
aircraft accelerates from hovering to transition speed at point B. During
acceleration the required J/JT to keep the aircraft at constant height de-
creases. The excess J/JT is diverted to forward propulsion in order to
increase acceleration. At transition speed (point B) this excess J/J  is
diverted back into the peripheral jet, so that the height above ground increases
while forward speed is kept constant, until the transition point C is reached.
For this program

_ = — - = (11)
w w W
so that Eq. (6) becomes
J
a . T.J 440 Dmom,
g w w J J
1
= 0.7 - (1+2+ ;q—) (12)
(L/J) J q;
for
2207,1_‘ W,Dmor_n; a
W J q;
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¢

Figure 14 shows Ry/w vs. qS/JT for this program. The ground run dis-

tance corresponding to curve AB in Fig. 13 was found to be 510 ft. for w =
20 psf.

At point B, J/JT is increased to 0.5 and the excess lift is used for
flight-path curvature to go from B. to C. This rotation requires 68 ft. of
horizontal distance. Therefore, the total ground run to point C for Case Il
is 578 ft., which is only 8 ft. less than in Case 1. Thus, Program I is pre-
ferable to Program 11, since the former is simpler,

3.5 Calculation of Climb-0Out Distance

Climb-out takes place in the jet-flap mode at constant forward speed
(qS/JT = 0.84), o =0 and 8, - 3.9 and consists of upwardly curved
flight beginning at transition speed and height followed by a steady climb to
a height of 50 ft. The aircraft is assumed to have a small angle of attack
{ of = 20) just after transition to initiate rotation. However, during most of
the rotation it is assumed that e = 0, and J/JT = 0,5, and that the neces-
sary load factor is produced solely by the increase of Cp, with height above
ground. Under these conditions the maximum climb angle is Xmax = 186, 8°,
When xmax is r-ached, the load factor is reduced to 1 by reducing J/J
and steady climb begins at qS/JT = 0.84. Under these assumptions the
distances covered during transition and steady climb to 50 ft. are Ry - 176 ft.
and R3 = 94 ft. respectively for w = 20 psf. These values are conservative
because (a) the flight path during transition could have been steepened by
increasing o , (b) the maximum climb angle could have been increased to
20° by diverting thrust from the jet flap to direct propulsion. A summary of
the take-off distances is given in Tuble 3.

TABLE 3

TAKE-OFF DISTANCES FOR CASE I AND 11

Ry Ry Ry TOTAL
Case 1 No Ram 586 176 94 856
100% Ram 500 211 72 783
Case [ No tain 510+68 176 04 848
27




3.6 Control and Stabili‘.y

Trim

In order to obtain conventional characteristics in cruise, it is as-
sumed that the GETOL airplane has a normal tail. The wing-tail combination
during take-off is analyzed as follows (sce Fig. 16): ‘

Equilibrium of moments requires that

Ly (x = xgde = L 1, -0 (13)
whence the C.G. position is given by
L, 1
X = ox, t— & (14)
L c
w

The tail lift may be expressed in terms of the tail lift coetficient as
and we assume that the wing lift is approximately equal to the weight, L, 2 W,

so that Eq. (14) becomes

X = X, + ————— —
W Wce
which is conveniently rearranged to give
Jy g5
- . 15 -
X = Xy t V” (—W)CLt (3—1) (15)

This equation gives the allowable C.G. povitions, from the standpoint of
trim, for the wing-tail combination without any auxiliary control devices,
Examples are plotted on Fig. 17 for the two take-off runs presented in Sec.
3.2; for VH =, 9, JT/W = ,7 and CLl = % 1.0, a value that is readily
achieved. With these numerical data, the equation of the curves is

+ .35 (-Elé (15a)
JT

X = Xy

F.gure 17 shows that the tail provides o very significant trim capa-
bility, and that if the C.G. range is for example, .45 to .35 ¢, auxiliary
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FIG, 16 WING AND TAIL FORCES DURING GROUND RUN
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control is required only up to qS/JT = .15, i.e. V # 30 mph for the example
ciases,

The figure also shows the values of x, for the wing in the jet flap
mode for heights between 1/2 and one chord (from Ref. 10). It is evident
that the trim change during transit.on from the ground cushion to the jet
flap is not excessive, and is within the capability of the tail to balance.
Stability

From Fig. 16 the moment about the C.G. is

M = M, - L1

whence it readily follows that

d (M, ¥ (Mwo v, B :
W) T o e T Ve By )'(JT) (16)

Since the wing ¢.p. is very close to the mid chord during take-off at o = 0,
and the moments were measured abo it this point, we find it convenient to
express the wing moment as

My = O, + Ly (- .5).

wheree

. Mw 3 Mwlyp ¥ Lw ;
ak Wl T ¥ T we e w0 1o
and (M) L ;5
. My) /o T g8
QoM KT R T S O At S
dal W A we dk W t'H w g

(18)

Trie criterion for static stability i that the RHS of hq. (18) € 0. An esti-
mate of tne second term nhas been made--1t varies from zero at zero forward
speed to a4 moximum at take-off of tne order of .02 (x - .5). For C.G,
positions as far aft as x = .55, this term is then less than 0015, whica can
be neglected compared to tne other terms.  The spproximate forns of (18)
(exact for x = . 35) 18 then
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My . C

d M d We /2 Jr  gS
) = ( ) -a, Vigy— (— 19
dat (Wc Y- § We “t HW (J'i (19)

For the same cases as treated above, and assuming a; = .07 per deg., we
get
M ‘
d M d We /2 qs :
~ (/) = - . 0245 20
ld(Wc) 30‘( We ) (JT) | (20)

Figure 18 shows the graphs of Eq. (20) for both take-off programs. It is
seen that the wing alone is unstable at all speeds, but that adding the tail -
produces inherent stability before take-off speed is veached, 1. e., above
about V = 58 mph. For the lower range of speeds near hovering an auxi-
liary stabilization system is required. To provide a margin of stability in
hovering, the stabilizer must be capable of supplying a synthetic pitch
'stiffness’ of the order of

.%_o( (‘\I{V,‘l—) = - ,015 per degree
¢

. . . : 1 -4
If this is produced by a vertical foree located 25 chord lengths from the C,G,,
then the maximum force required at o = 59 is

F = .03W

i.e. the stabilizing force required is about 3% of W. This represents an
appreciable penalty, and indicates that research aimed at finding a config-
uration inherently stable at zero speed would be worth while.

Wthen in the jet-flap mode, the data of Ref. 10 shows that at all
heights above ground, the wing-alone neutral point is very close to the quarter-
chord. It therefore follows that
d M ‘Mo CLe -
—S&(W:X T = c (x - .25)
- Jjet flap L 'L,

With the C.G. at mid-chord (x = .5), and

w_oJdr w1 7

C = —— . -
L eh qs Jr .7 gS
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i S
(M, = 175 Cp (.5:-'»’)

The value of C&“ at &= 0, C, = .65 and nfc = 1.0 from Ref. 10 is
CL.‘ = ,070/%, 'which is taken as a representative value. Then we get

d (M,

———

D% we

= ,0122 (g-b‘)
€ jet flap J

These values are also plotted on Fig. 18 and show that the change in static
stakility at transition is unimportant,

Neutral Point in Cruise

The stick-fixed neutral point of the cruise configuration, with the

tail characteristics assumed, is estimated to be about
X, = 0.65

without allowing for the usual adverse ¢ Ject of a bedy.  Even when the latter
1s included, it seems feasible to cater for C, G, positions around 50% chord,
as required to keep the hovering trim moments small.  If necessary, of
course, a considerably larger tail velume ratio than 0. 50 could be used.
Thus we find that the C, G. locations required for hover, take-off, and cruise
are ail compatiole,
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Section 4
APPLICATION TO LANDING

4.1 Introduction

The requirements for landing are two-fold. Firstly, the required
distance to stop after approaching over a 5G-ft. obstacle must be not more
than the take-off distance; and secondly, the vehicle must be capable of
absorbing the energy associated with the remaining vertical velocity com-
ponent after round-out., These two problem areas are dealt with below.

4.2 Landing Distance

The ground run part of the landing distance may be treated similarly
to the ground run during take-off. Only one case is considered, in which
J/W = 0.35 and remains constant, so that the height-speed curve is identi-
cal to that shown in Fig. 13. Assuming a 50% thrust reversability of the
main engine (which is quite conservative), ithe deceleration at any point is
given by

a Dmom D
~Z2=0,5 x 0.35 + ——— +—=
g W \%

where now the main thrust unit also coniributes to the momentum drag, i.e.

Dmom . JT  fq

Thus, the stopping distance R4 as a function of speed is given in Fig. 189.
Assuming that the same flight path is followed from 50 ft. to transition as in
the take-off, then a c...nparison of Fig. 19 with Fig. 14 shows that the landing
program is shorter than the take-off for any transition speed. In particular,
{or the higher transition speed used for take-off, qS/JT = 0,84, the differ-
ence is 76 ft. Larger approach angles are possible and could be used to
steepen the glide path still further, and lower wing loading at landing would
also result in reduction of required distance. Thus, it is concluded that
landing can always be made in a shorter distance than take-off.

4.3 Energy Absorption

In order to destroy the remnant of vertical velocity remaining after
round-out, the normal shock absorbing qualities of landing gears must be
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replaced by the aerodynamic properties of the cushion below the aircraft.
This can absorb the vertical energy of the aircraft because of the increase
of lift augmentation with decreasing height. Figure 20 shows L/J vs h'/c
for various qS/JT values around the transition speed. If the vehicle has a
vertical velocity V,, the cushion must absorb energy of value %mvzz, which
can be considered as equivalent to the energy obtained from dropping the
machine from a height H, i.e.,

2

mgH = $mV, (21)

The cushion acts as an energy absorber for heights below that at
which L = W at a given speed, i.e., for J/W = 0.35, L/J > 2.86 for energy
absorption. Also, the lower limit of the vertical travel of the machine must
be above h'/c = 0.108.

Thus, the drop height may be found at any fixed speed as
b

mgH = / (L - W)dh', where b = h'/c forL = W
.108

or b

. 108

H and V, are calculated and plotted as functions of qS/Jq in Fig. 21. Since
the 'ralue of qS/JT at transition was assumed to be 0. 84, the corresponding
allowable sinking speed is vV, = 2.8 ft/sec. Figure 21 also shows, however,
that the allowable sinking speed can be increased considerably by a small in-
crease in transition speed. In fact, if the transition speed is increased to

V = 79 mph, so that the ground run at landing becomes as long as the ground
run at take-off, the corresponding allowable sinking speed becomes VvV, =8.6
ft/sec. The associated flight path angle is 60. These numerical values are
again considered to be conservative simce (i) a thrust reversal capability of
only 0.5 was assumed--a larger value would allow a higher qS/J for the
same landing distance, with a corresponding increase in the allowable V,;
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(ii) the poor momentum flux distribution in the jet curtain is thought to>‘give
rise to low values of L/J, and (iii) reducing the minimum hught below h'/c =
0.108 would allow higher values of V,

It is appropriate here to consider the behaviour of the vehicle after it
has reached zero sinking speed. Since at this point L » W, the vehicle tends
to rise again, and the ensuing flight path would be oscillatory. Tests con-
ducted on the UTIAS circular track* show, however, that these oscillations
are highly damped.

* Sec Figure G. 2.2, UTIAS Annual Progress Report, 1963,
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Section 5
CONCLUSIONS

Realistic data, thought to be conservative, have been presented on
the performance and stability aerodynamics of a GETOL wing. They show
that a capability exists for achieving short field performance, i.e., less than
800 ft. to clear 50 ft., with a minimum ground clearance of 10% chord. For
a 20, 000 lb. airplane with wing loading of 20 psf, the clearance is about 1.6
ft. The total thrust required, lifting plus propulsive, is about 70% of the
weight. The wing tested has an aspect ratio cf 4, and hence would be best
suited, from the cruise standpoint, to a short-to-medium range subsonic air-
plane.

The trim and stability problems are not prohibitive. Although the
wing alone is unstable in pitch, the addition of a conventional tail produces
inherent stability before take-~off speed is reached and provides adequate
trim capability.

Trim and stability in hovering can be achieved by 'brute force'~—by
the application of a controllable vertically~-downward thrust at the tail of the
order of 5% W. However, an inherent aerodynamic solution based on the
cushion properties should be sought. The requirements on C. G, position
for take-off and normal flight are compatible, requiring a tail volume ratio
of about 0.5 or greater.

The practicability and utility of such a vehicle can only be properly

assessed by a fairly detailed design and operational study. It is suggested
that such a study would be a worthwhile project for the aircraft industry.
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